In addition to his other gifts and interests, Jacques's father was a devotee of music. The musical as well as the intellectual life at the family home was intense, and Jacques himself learned to play the 'cello. 'Clos Saint Jacques', accordingly, provided an exceptionally favourable environment for the development of a sensitive and intellectually gifted child.
T he beginning
Jacques Monod passed the 'baccalaureat' in the summer of 1928 and came to Paris in October to study biology. He studied zoology, geology, general biology and general chemistry, and in 1931 became 'licencie 6s sciences'. Only later, did he realize that the teaching in 'natural sciences' in the Sorbonne was then twenty years or more behind the times. Only one professor, George Urbain, who taught thermodynamics, left a mark on him. Like many students in zoology, Jacques Monod came to the Station Biologique at Roscoff. There he met the four scientists to whom-as he said in an interview-'he owed his true initiation in biology. To Georges Teissier, the taste for quantitative descriptions; to Andre Lwoff, the initiation to the powers of microbiology; to Boris Ephrussi, the discovery of physiological genetics; to Louis Rapkine, the idea that only the chemical and molecular descriptions can give a complete interpretation of the functioning of living beings'.
In October 1931, Jacques Monod received a fellowship to work with Edouard Chatton, professor of biology at the University of Strasbourg. Edouard Chatton was the great protistologist of his time. He had worked in the Institut Pasteur in Paris and in Tunis and was an accomplished microbiologist. Under his firm guidance, Jacques Monod became familiar with microbiological techniques and disciplines. Among other things, he learned to grow ciliates in bacteria-free cultures; the organisms were to provide the material for his first studies on growth. In Strasbourg, moreover, he was associated with the work on the stomatogenesis of ciliates: hence publications (1), (2) and (3). It is strange that in his autobiographies and interviews, Jacques Monod never mentioned the name of Edouard Chatton.
In October 1932, Jacques Monod obtained another fellowship and returned to Paris where he first spent two years in the Laboratoire d'Evolution des Etres organises. He never mentioned either the name of its director, Maurice Caullery, a good zoologist and a good teacher of modern biology-including genetics. Thereafter he became assistant in the Laboratoire de Zoologie.
From October 1932 he was thus 'free', that is sentenced to discover for himself, painfully, the problem which would satisfy his exacting mind. The search lasted three years. Its course is marked by a few papers on axial gradients in ciliates, on galvanotropism, and on the role of symbiotic chlorellas (4-7).
In the summer of 1934, Jacques Monod had embarked on the Pourquoipas? visited Greenland and published a 'preliminary' account of his observations dealing with natural history (1935 : 8) . This account remained preliminary.
G rowth
The first paper on growth was published in 1935 (9). The growth rate of Glaucoma (later Tetrahymena) piriformis was measured as a function of the concentration of nutrient. I was then working on the nutrition of Tetrahymenavery little was known at that time-and Jacques came to discuss his work. I told him that ciliates were the worst material to attack the problems of growth, and advised him to use a bacterium able to grow in a synthetic medium, for example Escherichia coli. 'Is it pathogenic ?' asked Jacques. The answer being satisfactory, Monod began, in 1937, to play with E. coli and this was the origin of every thing. For it is the systematic analysis of the various parameters of growth of E. coli which led to the study of induced enzyme synthesis-at the time enzymatic adaptation-a study which developed into the physiology of the gene and the laws of molecular biology Monod first showed that the growth yield as a function of the amount of the energy source provided is independent of growth rate. This means that the fraction of metabolic energy utilized for the maintenance of cellular structures is negligible compared to the fraction utilized for biosynthesis. The growth yield was measured with numerous sugars, as well as the growth rate as a function of the concentration of the limiting carbon source. The results sug gested that, at low concentration, the growth rate is controlled by an enzymatic reaction. It turned out later that the controlling factor is, at least under certain conditions, specific permeation. The measurements of growth rate as a function of temperature permitted a determination of the activation energy of the limiting reaction(s).
After having considered growth in the presence of one sugar, it seemed of interest to study the interaction of two carbon sources. In some mixture of two sugars one observes two distinct growth cycles, separated by a lag phase. This he called diauxy. Jacques Monod has told how, in December 1940, at the Institut Pasteur, he came and showed me the diauxic curve and asked: 'What could that mean ?' I said it could have something to do with enzymatic adapta tion. The answer was: 'Enzymatic adaptation, what is that ?' I told Monod what was known-what I knew-and he objected that the diauxic curve showed an inhibition of growth rather than an 'adaptation*. We know today that repres sion and induction are complementary, but I simply repeated that diauxy should be related to adaptation. Anyhow I gave him Emile Duclaux's Traite de microbiologie, Marjory Stephenson's Bacterial metabolism and a few reprints I had secured, among them the precious Ph.D. thesis of Karstrom-which I never saw again.
It turned out that the glucose was inhibiting the synthesis of a few enzymes responsible for the metabolism of other sugars-catabolic repression-but the enzymes involved in diauxy were nevertheless 'adaptative*. Induced enzyme synthesis was the key to diauxy.
In 1941, Monod was awarded his Ph.D. for his thesis, 'Recherches sur la croissance des cultures bacteriennes' (16). The importance and originality of this fundamental and now classical work were not perceived by the members of the jury. After the ceremony, the director of the laboratory where Monod was working told me 'What Monod is doing does not interest the Sorbonne*. This was alas true. 388 Biographical Memoirs
T he transition
'From this very day of December 1940', wrote Jacques Monod, 'all my scientific activity has been devoted to the study of enzymatic adaptation.' Yet during the dark years, he had joined the underground. He had even been arrested by the Gestapo, but cleverly managed to escape. However, he could no longer work in the Sorbonne and came clandestinely to the Institut Pasteur where he could perform a few experiments. Among other things, he showed that the enzymatic adaptation coupled with biosynthesis was-and probably reflected -synthesis of the specific protein involved.
After the liberation of Paris, Monod joined the army and played a determining role in the integration of the resistance force. As a member of the staff of General de Lattre de Tassigny, he met American officers and had an opportunity to read some American scientific journals. In this way, he came across the Luria-Delbriick paper on the spontaneous character of some bacterial mutations and the epoch-making publication of Avery, McLeod and McCarthy which identified the transforming principle as deoxyribonucleic acid.
The war ended and Monod returned to Paris. At the Sorbonne, he worked in a small room which opened on a corridor lined with glass cabinets containing skeletons and stuffed animals. He was doing everything himself: washing glassware, preparing culture media, autoclaving. No-one in the Laboratoire de Zoologie took any interest in enzymes and Monod was rather unhappy.
I invited him to join the Service de Physiologie Microbienne as 'Chef de Laboratoire'. He was no longer obliged to wash his glassware and to autoclave. Moreover, the Centre National de la Recherche Scientifique provided him with a technician. He selected Madelein Jolit who, until 1971, participated efficiently in his researches. Moreover, a few microbiologists were active in the attic. They knew how to isolate bacterial strains and to select mutants. They were aware of the existence of lactose positive (L + ) mutants, in L-strains of E. coli, and of the work of Massini and his followers.
Jacques Monod and Alice Audureau selected an L + mutant from an L -mutabile strain of E. coli isolated from my digestive tract (hence E. coli m.l.). They showed that the (3-galactosidase is an adaptive enzyme. The hypothesis had been earlier proposed that the L ----> L + mutation is an alteration of an enzyme precursor common to the different specific enzymes metabolizing sugars. A gene mutation was not-at the time-considered as the basis of the phenomenon.
Yet Monod, who had also studied the bacterial ability to synthesize methionine, concluded that it was controlled by a gene mutation (1946 : 29). The gene had entered the scene. However, it would take some time before the idea developed that the mutation controlling the utilization of lactose is a virtual genetic property revealed only in the presence of lactose; before the link between genetic and biochemical determinants was established and finally, before the problem of genetic regulation was posed.
Preliminary games
The problem of the relations between gene and enzyme, and more generally of regulation, was not ripe for an attack. So for a few years, Monod played with various problems. The role of C 0 2 in bacterial growth was analysed with Andre Lwoff (1947 : 31, 37, 43) . It was shown that aspartic and glutamic acid could partially replace the requirement of C 0 2 for the development of E. coli: a certain number of essential metabolites could be synthesized only by carboxylation. Then with Elie Wollman, Jacques Monod discovered (1947 : 32) that infec tion by a bacteriophage would prevent the adaptive synthesis of (3-galactosidase, whereas the activity of the enzyme present at the time of infection is not affected.
This very same year, Monod was invited to discuss enzymatic adaptation at the Growth Symposium. This was the stimulus for reviewing the data concer ning the induced synthesis of enzymes and their possible interpretations. In section IV 'Adaptive enzymes and genes' the fundamental problem of relation between gene and enzyme is posed. 'The problem consists of evaluating the respective role of hereditary factors (i.e. genes or other self-duplicating units) and environmental factors (substrate) in the synthesis of an enzyme ' (1947 : 36) .
While writing this remarkable review, Monod realized that the phenomenon of enzyme induction was mysterious, that almost nothing was known about it. However, owing to its specificity, its regularity, its dependence, on a mutation and on the environment, it necessarily involved an interaction between a genetic and a chemical determinant; and it appeared of such interest, of such profound significance, that Monod decided to go ahead. The respective role of the gene and of the inductive substrate in enzyme formation was posed. The enzyme, of course, was {3-galactosidase.
By-products
The goal had been defined, but the way towards the solution of the problem was far from being straight. It was necessary to learn as much as possible about the physiology of E. coli, and a few discoveries not directly relevant to the main problem emerged from these explorations.
The first was the discovery with Anne-Marie Torriani of a new enzyme, amylomaltase (1949 : 40, 41; 1950 : 46) . It catalyses a reversible synthesis of amylose from maltose. The length of the amylose chain is controlled by glucose. Very long amylose chains are formed in the absence of glucose for the degradation of the polysaccharide does not take place the in absence of the mono saccharide.
The second was an important experimental and theoretical contribution to the methodology of continuous bacterial growth, the bacteria being maintained indefinitely in a chemical and physiological stable state (1958 : 48) . The method consists in creating conditions such that a limiting substrate is provided at a rate inferior to the total metabolic capacity of the organism. A stable state is thus automatically reached, characterized by a constancy of all the significant elements. The experimental potentialities of the method are wide. It provides a means of changing instantaneously the growth rate without modifying either the composition of the medium or the temperature. It also offers the possibility to select specific mutants-and this remarkable tool has been, and still is, widely used. It should be stated that a similar method has been devised independently and simultaneously by Aron Novick and Leo Szilard.
The third was the effect of irradiation with ultraviolet light on enzyme syn thesis. Francois Jacob had arrived in the attic in 1950. A year later, he began to be interested in (3-galactosidase. J. Monod, A. M. Torriani & F. Jacob showed (1951 : 52) that bacteria irradiated with a heavy dose of u.v. rays are unable to synthesize (3-galactosidase, but can still produce bacteriophage after infection. The effect of the irradiation cannot be attributed to a general effect on metabo lism; it is a specific alteration of the bacterial component responsible for the synthesis of the enzyme which accounts for the u.v. effect.
These discoveries were on side-roads, but nevertheless played a determining role in the solution of the problem.
T he very nature of enzyme induction
Soon after the war, Alvin Pappenheimer visited the Institut Pasteur. He was deeply interested in the induced synthesis of enzymes and thought that immuno logical methods might be helpful for the analysis of the phenomenon. This led to the suggestion that one of his students should come and work with Jacques Monod. So, during the winter of 1948, Melvin Cohn arrived in Paris, a good immunologist and biochemist, a remarkable experimenter, hard working, enthusiastic, lively and friendly. He mastered not only the problem of induction but also the art of living on fellowships, and so managed to spend seven years in the attic. He played a major role in the characterization of the enzyme, in the study of substrate and inducer specificity and, more generally, in the life of the laboratory.
The Cohn (1955 : 65) it was proved that the enzyme is formed from amino acids synthesized after the addition of the inducer. Moreover, the molecule of (3-galactosidase is fully stable in vivo, as are, under normal con the other protein molecules of the bacterium. The romantic dogma of 'the dynamic state of living matter' was seriously shaken. Fierce counter-attacks were launched, but they were unsuccessful and the dead god went down to the grave.
Thus the induced production of an enzyme was the total biosynthesis of a protein from newly formed aminoacids. Therefore the increase of enzymatic activity during induction was a true measure of the synthesis of the specific protein.
Inducers, and inhibitors
Until 1952, only the substrates of enzymes were known as to serve as inducers of those enzymes. Three theories had been proposed to account for the inducing activity of the substrates: (a) the synthesis of an enzyme is determined by its activity; (b) the synthesis of an enzyme is limited by a dynamic equilibrium controlled by the specific substrate-inducer complex (whatever this could mean); (c) the substrate-inducer complex plays an organizing role by combining with the precursor of the enzyme. These were purely hypothetical and rather metaphysical notions.
A systematic study of many galactosides was undertaken by Jacques Monod, Germaine Cohen-Bazire & Melvin Cohn (1951 : 51) and continued with Melvin Cohn (1952: 55).
A number of unexpected-at the time strange-data emerged from these studies:
( The interpretation of these data was complicated by the fact that the inducing activity of some substances could be modified by mutations of the bacterium, and also that permeability effects might be involved. Whatever the case, these observations led to the conclusion that the activity of the inducer could not be due to a reaction with the enzyme, but rather to a 'catalytic' effect on the enzyme forming system. The new data concerning induction were analysed in connec tion with those relative to repressors.
Negative control of anabolic pathways: repression
Vogel & Davis had shown that in E. coli strains which require arginine or acetylornithine, acetylornithase was produced in the presence of acetylornithine but not in the presence of arginine. They had concluded that synthesis of the enzyme was induced by its substrate. Monod suggested that this could be interpreted as an inhibitory effect of arginine, rather than an inducing effect of acetylornithine. This was the origin of the concept of repression, and led to the discovery that the constitutive synthesis of (3-galactosidase is inhibited by It turned out that the synthesis of tryptophan synthetase is inhibited by tryptophan, and the hypothesis was proposed that specific inhibition could be a general property of enzyme-forming systems. In agreement with this hypothesis, synthesis of methionine synthetase proved to be inhibited by methionine.
Thus the synthesis of two enzymes operative in the biosynthesis of essential metabolites was shown to be under negative control. It was difficult to conceive that induction and repression were the expression of two different mechanisms. The inducer could be an antagonist of an endogenous repressor. A digression is necessary here.
Another by-product: the permease Among the numerous mutants isolated from the original m.l. strain were the so-called 'cryptics'. They are able to synthesize (3-galactosidase but unable to metabolize (3-galactosides. The mystery was solved by Monod, Rickenberg, Cohen & Buttin (1956 : 68). Labelled thiogalactosides accumulate rapidly in induced wild-type bacteria, but not in uninduced ones. Nor do they accumulate either in cryptic mutants. The ability to accumulate galactosides is under inducible control. The various parameters of induction were analysed: kinetics, specificity, etc. The conclusion was clear: the factor responsible for thiogalactoside accumulation could only be a specific protein, controlled by a gene y distinct from the galactosidase gene z. The synthesis of this protein was induced by (3-galactosides together with that of (3-galactosidase. The protein was christened galactoside permease. A novel category of enzymes which mediate the penetration of small molecules into the bacterium had appeared on the scene; a new chapter of cell physiology was open.
The existence of permeases was the unavoidable logical conclusion of a series of rigorous experiments. It was immediately objected that their existence rested on in vivo experiments. It was also objected that one should not give a name to a protein before it has been isolated. The same objection was made later to the 'repressor'. Many enzymes have been named before anything was known about their nature; also genes, and all viruses. A few years after the discovery of 'permease', galactoside transacetylase was isolated by Zabin, Kepes & Monod (1959 : 79; 1962 : 94) . The permease, discovered in 1956, was isolated only in 1965 by Fox & Kennedy.
The study of the permease and the transacetylase had revealed an unexpected situation. A number of mutants constitutive for (3-galactosidase synthesis had been isolated, and it turned out that the mutation was pleitropic. Not only was the (3-galactosidase constitutive, but also permease and trans-acetylase. This was strange because each of the three enzymes was, of course, controlled by a distinct gene.
Once the physiological relation between (3-galactoside and (3-galactoside permease was understood, once it was known that they are controlled by two distinct genetic elements but nevertheless subject to the same determinism of induction, the problem of the expression of these genes was posed.
Birth of the repressor
Fran?ois Jacob and Elie Wollman had discovered the mechanism of the sexual process in bacteria. Following conjugation the + 'male' bacterium injects its chromosome into the -'female' partner. The process can be inter rupted at will. Thus the kinetics of the entry of a given gene could be followed and the gene sequence determined as a function of the time of entry. A new method was available for the study of gene physiology. The problem of regula tion could be attacked thanks to a new and powerful tool.
The work of Monod and his disciples had shown that in E. coli, the synthesis of (3-galactosidase depends (a) on a gene governing the capacity/incapacity to produce the enzyme, (b) on a genetic factor known to exist under the forms wild type, corresponding to inductibility and i -, mutant, corresponding to constitutivity. Genetic analysis revealed that the z and genes are closely linked.
The synthesis of (3-galactosidase was followed in zygotes resulting from the conjugation of male bacteria with females carrying respectively 'opposite' z and i genes. The z+ i+ and z -i -parents are ma Both parents are unable to synthesize the enzyme, one because of the absence of inducer, the other because of the deficiency of gene z. It is necessary to add that the male is streptomycin sensitive whereas the female is resistant. This allows the male to be killed selectively at any time.
The results differ with the direction of the cross. With the system $ z -i-x $ #+*+ no enzyme is synthesized. With the system < $ z+ i+ $ enzyme synthesis starts 3-4 minutes after entry of the #+ gene into the female. This means that the factors z and i,despite their linkage, belon different units able to cooperate through the cytoplasm. The z+ gene is immediately expressed in a i-cytoplasm, whereas the constitut not expressed in an i+ cytoplasm. Contrary to expectation, the i+ gene is dominant. This dominance is manifested in the zygote: the synthesis of enzyme stops after 2 hours because the zygote has become phenotypically inducible. Such is the epoch-making classical Pardee-Jacob-Monod (Pajamo) experiment (1958 : 72; 1959 : 74) , which led to the hypothesis that the gene produces a repressing 'substance' which was called 'repressor' and which blocks the expres sion of the z+ gene.
One problem was solved; many more were posed. A systematic genetic and biochemical offensive was launched. About a thousand mutants differing in their capacity to produce (3-galactosidase, galactoside permease and galactoside transacetylase were isolated and used to construct a detailed genetic map. It turned out that the synthesis of the protein of the (3-galactosidase system is controlled by one gene, distinct from the structural ones. This controlling gene, expressed in the cytoplasm, is responsible for the production of the specific repressor.
The problem of enzyme biosynthesis thus appeared in a new light: the two known regulatory effects, induction and repression, should be two aspects of the same fundamental mechanism. F. Jacob and G. Cohen studied various mutants in which the synthesis of tryptophan synthetase was altered: the sensititivity to the repressive action of tryptophan is controlled by one specific gene and the 'repressed' allele is dominant over the 'derepressed' one. Repres sion is determined by a gene producing a specific cytoplasmic repressor activated by a specific metabolite which is the end-product of a biosynthetic chain of reactions: tryptophan.
Monod and Jacob discussed the problems of regulation in a series of critical reviews which are now classics (1961 : 96; 1963 : 97, 98, 99) . The tendency was to consider induction as the result of the expression or neutralization of an anti-inducer. It turned out that it was an antirepressor effect. In fact the hypo thesis had been proposed by Leo Szilard during a seminar given at the Institut Pasteur. As will be seen later, Leo Szilard's intuition was correct.
T he messenger
During conjugation structural genes of the male are introduced in the female: this allowed an attack on the problem of gene expression. It was generally believed at the time that genes produce stable structures which accumulated in the cytoplasm. Since ribosomal RNA was the only known RNA, it was presumed to act as a template for protein synthesis. A number of experimental findings were not in accord with this presumption and a new hypothesis was proposed: the structural gene produces a metabolically unstable RNA (1960 : 86) . This RNA was christened messenger (1961 : 87) . The messenger soon ceased to be an etre de raison and became a molecule.
Operon and operator
The concept of operon stemmed from the study of lysogeny. In a lysogenic bacterium the structural genes of the prophage are not expressed. Moreover, a lysogenic bacterium is 'immune' against superinfecting homologous bacterio phages. The specificity of immunity is determined by a 'C' region which obviously controls the activity of the rest of the prophage genome. Immunity is a dominant character and has a cytoplasmic expression. When a prophage is introduced by a male chromosone into the cytoplasm of a non-lysogenic female, its development is induced: all the structural genes are derepressed: this is the phenomenon of zygotic induction, discovered by F. Jacob & E. Wollman. The analogy with the Pardee-Jacob-Monod experiment is obvious. Moreover, the genes involved in the production of enzymes that mediate a particular bio chemical sequence are frequently adjacent. The hypothesis that the phage DNA molecule is not only a unit of replication but also a unit of activity was proposed by F. Jacob in his September 1958 Harvey Lecture; it led to a series of experiments which established the operon as a respectable citizen (1960 : 80, 86; 1961 : 87, 90; 1962 : 93; 1963 : 97) . Again, new mutants of E. coli were isolated and analysed. A new specific structure became necessary to account for the specificity of action of the repressor, a new structure subject to mutation. It was the operator gene or 'operator'. A single operator controls the expression of (3-galactosidase, permease and acetylase stuctural genes. The operator acts only on the adjacent gene located on the same chromosome. Certain mutations 'inactivate' the operator, thus preventing the expression of the structural genes.
A detailed analysis showed that the operator is the terminal part of the last structural genes-that of the galactosidase.
Thus, units of coordinate transcription exist in the chromosome: these units are the operons. An operon is composed of structural genes connected by an operator, subject to the action of a repressor produced by a regulator gene.
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N ature of the repressor
The coordinated regulation of enzyme synthesis is controlled by two genes: the regulator gene, responsible for the formation of the repressor, and the operator gene, responsible for the expression of the operon. The problem of the nature of the repressor was posed. The repressor has to recognize both the inducer and the operator. It is a privilege of proteins to form stereospecific complexes with small molecules. The repressor could only be a protein. The conclusion remained hypothetical until the repressor was isolated and proved to be a protein. In the meantime, the systematic study of numerous mutants of regulation led to the identification of the types predicted by the theory. The repressors produced by some mutants were either unable to recognize the inducer or unable to recognize the operator. And, necessarily, of course, some of the mutants of the operator gene were unable to recognize the wild-type repressor.
The regulator gene could only be a structural gene coding for the repressor. In the operon, only the operator is a pure receptor and transmitter of signals. A general scheme of the mechanism of regulation was proposed (1961 : 87, 88, 91) .
Within ten years, the problems posed by the induced synthesis of (3-galactosidase in E. coli had been solved. The new ideas were applied to a large number of catabolic and anabolic pathways, to viral development as well as to differentia tion. Everything was clear. A coherent scheme accounted for the interplay of regulator gene, operator, structural gene, messenger and repressor. It accounted also for the nature of various types of mutations affecting regulation. Out of the monotonous succession of nucleotides there emerged the concept of operon as a coordinated unit of integrated structures and functions.
These discoveries can be considered from another viewpoint. The nature of molecular communications had, for a long time, been a complete mystery. Nothing was known about the way messages coming from the outer world or emanating from metabolic systems could affect the genetic material. The problem was solved: the inducer, its reactions with the repressor, the reaction of the repressor with the operator gene, the effect of the operator gene on the structural genes of the operon, were clarified.
A llostery-Symmetry
In a biosynthetic pathway, the activity of the first enzyme is inhibited by the product of the last enzyme. The Novick-Szilard-Umbarger effect had not received an interpretation. J. P. Changeux, a student of Jacques Monod, had shown that the activity of threonine deaminase is inhibited by L-isoleucine and that the enzyme can lose its sensitivity to the inhibitor while remaining active. The kinetics suggested a bimolecular reaction, and it seemed that threonine and isoleucine were bound to different sites.
The interaction between the inducer and the-at the time hypotheticalrepressor was extremely rapid and entirely reversible. Probably, only a very small number of molecules were involved, which nevertheless triggered first the complex mechanism of the repeated transcription of the operon, and secon darily, the repeated translation of the messenger, that is the repeated formation of thousands of peptide bonds. The inducer seemed to act as a chemical signal recognized by the repressor, but did not participate in any of the reactions for which it was responsible.
During the winter of 1961, David Perrin and Agn&s Ullmann were working late one evening, in the laboratory, when Jacques Monod, pale and tired, entered the room and said: 'Mes enfants, j 'ai decouvert le deuxieme secret de la vie' (I have discovered the second secret of life). 'Please sit down, rest and have a drink', said Agnes. Yet the secret had not vanished after the rest and Monod explained what it was. The activity of enzymes depended on their conformation which was controlled by the attachment-or detachment-of an effector. The observed actions of effectors were due to indirect interactions between distinct stereospecific receptors. The interpretation was applicable to the repressor which would have two binding sites, one for the inducer, the other for the operator gene. Allostery was born, the name as well as the concept. However, the theory was not at first accepted by the enzymologists of the laboratory who were worried rather than excited by the 'non-classical' aspect of the curves they observed.
In 1961, in Cold Spring Harbor, Monod & Jacob (91) gave the general conclusion of the symposium. The fact was stressed that the inhibition of an enzyme may be caused by substances which are not steric analogues of the substrate. The expression allosteric inhibition was coined to describe the pheno menon. The discussion led to the conclusion that two distinct, albeit interacting, binding sites exist on allosteric enzymes. The effector acts by altering the con formation of an enzyme; the alteration is stabilized by the formation of a complex. It is interesting to recall that in the discussion which had followed the pre sentation of Changeux's paper, during the 1961 Cold Spring Harbor Symposium, B. Davis called attention to the effect of oxygen which modifies the affinity of haemoglobin for oxygen.
The concept of allostery was further discussed by Jacob & Monod (1962 : 98) and applied to the 'induced-fit' theory of Koshland, the mutual effect of sub strate and enzyme on molecular configuration. The following year (1963 : 100), Monod, Changeux & Jacob extended the concept and insisted on the fact that allosteric effects are entirely due to reversible conformational alterations induced in the protein when it binds to the specific effector.
From the symmetry of the curve of saturation of haemoglobin by oxygen, Jeffries Wyman had been led to suggest that a structural symmetry of the molecule was involved. This was the origin of the classical Monod-WymanChangeux paper (1965 : 9) The association between monomers is specific-and most oligomeric proteins are stable-despite the fact that no covalent bonds are involved. (10) The protomers are probably linked by a multiplicity of noncovalent bonds. It is this multiplicity which confers stability on the association.
In an isologous association of monomers, when the domain of binding involves two identical binding sites, there is a twofold axis of rotational sym metry. The problem of symmetry was extensively discussed, as also the fact that each protomer is somewhat 'constrained' and should adopt the same quaternary conformation. Lastly, the finality of the size and structure of proteins is evoked. The authors conclude their classical paper by stating that they 'have tried to develop and justify the concept that a general and initially simple relationship between symmetry and function may explain the emergence, evolution and properties of oligomeric proteins as 'molecular amplifiers', of both random structural accidents and of highly specific, organized, metabolic interactions'. The pinnacle of the theory of allostery was Monod's discussion on symmetry and functions in biological systems (1968 : 122) . Allostery made it possible to interpret and to integrate a great number of isolated observations into a coherent unifying concept. In almost all papers attention had been called to the danger of inconvenience of a concept endowed with such explanatory power that it did not exclude anything. It is why Boris Magasanik called it 'the most decadent theory in biology'. A decadence which must have triggered in Jacques Monod a secret feeling of deep satisfaction.
Regulatory systems and evolution
To understand the regulation of cellular functions at the molecular level, mutants were widely used, and proved to be a most powerful tool. The genetic control of regulatory mechanisms was also essential for the understanding of the mechanism of evolution. It is easy to demonstrate that efficient regulatory systems confer selective advantages. In a medium devoid of (3-galactosides, the production by a constitutive bacterium of some 6000 molecules of (3-galactosidase represent a waste of aminoacids and of energy. When constitutive and adaptive strains are placed together in a medium devoid of the substrate, the adaptive strain is selected: it multiplies more rapidly than the constitutive one.
This conclusion is also valid for anabolic systems. A dual regulation is at work in the machinery responsible for the biosynthesis of essential metabolites. The end-product, through a repressor, controls the activity of the structural genes of the system. The end-product also controls the activity of the enzymatic machinery. Here again, the regulatory mechanism confers a selective advantage.
Regulation is performed by small molecules; and a prerequisite for their action is the existence of a receptor site on the protein-whether enzyme or repressor. The properties of a protein-whether enzyme of repressor-are controlled by its tertiary and quaternary structure, in turn determined by the primary structure. Since the primary structure is determined by the genetic information, it follows that the evolution of regulatory systems is the consequence of mutations, necessarily random, of the genetic material: regulatory, operator and structural genes.
The problem of regulation led to the problem of evolution. Jacques Monod's essay on the philosophy of modern biology, 'Le hasard et la necessite' (Chance and necessity), is the by-product, or better the unavoidable consequence, of the work on regulation. It is in essence a modern version-accessible to the laymanof Darwin's ideas concerning evolution and selection, Francis Crick's comments on the book ( N a t u r e, Lond. 1976, 262, 429-430) are the following: 'Written with force and clarity, in an unmistakable personal style, it presented a view of the universe that to many lay readers appeared strange, sombre, arid and austere. This is all the more surprising since the central vision of life that it projected is shared by the great majority of working scientists of any distinction.' This very successful book was translated into many languages and provoked much dis cussion. Due to the limited space at my disposal, a critical examination of Monod's philosophical views is unfortunately not possible.
H ead of a department
The enzyme (3-galactosidase, how beloved it has been, was only a tool for the understanding of the relation between genes and enzymes; how often have I heard Monod complaining that he was far away from the gene. When the work on the induced synthesis of enzymes was started in 1941, nothing was known except the phenomenon; the concepts developed essentially from 1948 on. In the first phase, biochemical, Melvin Cohn played a determining role. In the second, genetical and regulatory, F rancis Jacob's intervention had been essen tial, and this was-Francis Crick dixit-the 'grand collaboration'. Between 1948 and 1963, the main problems posed by the induced synthesis of enzymes (that is regulation) were solved, and molecular biology was created ex nihilo.
From 1945 on, Monod had worked in the service of Physiologie microbienne, in the attic laboratories. In 1953, he was made head of the Department of Cellular Biochemistry and moved into new quarters at the end of 1955. Both in the attic or in his new laboratory, Monod showed remarkable gifts as a leader. He received a very large number of students and postdoctoral workers, and oriented them in conformity with their tastes and aptitudes. As noted by Francis Crick, he 'treated his students with affection and candour, as if they were members of his family'. He proferred ideas generously and enjoyed discussions. The weekly seminars were exciting shows.
D irector of the Institut Pasteur
In April 1971, Monod was appointed Director General of the Institut Pasteur. He was 61. It may seem strange that a dedicated passionate scientist could, in full activity, abandon the laboratory. Perhaps he sensed that with allostery and symmetry he had reached the peak of his scientific achievements. Possibly he did not fully realize that the directorship would destroy almost entirely his scientific activity-and most of his freedom. Monod liked to plan, to organize, to decide, to command. The directorship of the Institut Pasteur was an extraordinary challenge for a man of great energy, endowed with a clear vision of what the evolution of an institute of biochemical research should be. The most likely hypothesis is that his sense of duty played a determining role in his decision. Be that as it may, the Institut Pasteur deserved to be loved, and the encounter between Jacques Monod and the prestigious institute could not fail to be a great event.
All Pasteurians had suffered from the many errors in the organization and management of the institute, not to speak of the scientific planning-or absence of planning. The development of research, as well as the financial balance, was compromised; and Monod was well aware of the extent of the disorder. He abandoned the direction of the Service de Biochimie Moleculaire, where he was replaced by Georges Cohen, and he was soon obliged to abandon also his professorship at the College de France. He nevertheless continued to discuss the planning and results of research with his disciples, as evidenced by his last two publications of 1974 and 1976 (130, 131) .
The Institut Pasteur is a research institute. But it has an industrial wing which provides about half the budget. The other half comes from various sources. These include such governmental agencies as the Centre National de la Recherche Scientifique, the Institut National de la Sante et de la Recherche Medicale, the Delegation Generate a la Recherche Scientifique et Technique, private organizations like the Fondation pour la Recherche Medicale, and private donors. In April 1971, the financial situation was catastrophic.
Jacques Monod had first to learn how to run a business. Within a few months he had become an expert in management, to the point that he was asked by Fran?ois Dalle, an industrialist, to write a foreword to his book Quand Ventreprise s'eveille a la conscience totale. He had analysed the situation of the institute, Built-and set in action the industry, defined the main axes of the offensive of Irertcivatibtn. The industrial sector had to be restructured, priority given to new fprddhfdts; Sfobteign markets sought. In addition, a rigorous administrative and fbiatteial structure! had to be put in place. Impressed by the seriousness of these frneasurek^the I Goterktaent decided to increase its financial aid. This was only one part of the director's responsibility. Emile Duclaux had succeeded Louis Pasteur in 1895 as head of the Institute. Since his death in 1904, there had been a succession of directors and deputy directors, some of them eminent scientists, such as Emile Roux, Elie Metchnikoff, Albert Calmette and Gaston Ramon. Yet the Institute had to be entirely rethought and reorganized as a consequence of the evolution of biomedical sciences. Moreover, the golden age of tropical medicine, microbiology and parasitology had passed, and, as a result of decolonization, the status of the numerous extraterritorial branches of the Institut Pasteur had changed. Jacques Monod was not an M.D., and yet he very rapidly dominated the problems posed by the evolution of medical micro biology, virology, immunology and experimental pathology. A reorganization of research was necessary. Some departments had to be suppressed, others expanded or created. A number of difficult problems were solved with energy, sometimes in the face of fierce opposition.
Between April 1971 and June 1976, the scientific and industrial policy had been defined and put into effect. A most remarkable achievement, particularly in view of the fact that Jacques Monod was handicapped for six months, in 1972, by viral hepatitis, and after October 1975, by the disease which was responsible for his death. Yet illness never stopped him from assuming his responsibilities. He showed in his role as an administrator the rigour, eagerness, logic and intelligence that had been evident in the direction of his laboratory.
Outside science
Science has been the dominant activity of Monod's life, the field where he expressed his creativity and originality. Yet, science, inhuman science, could not by itself satisfy the aspirations of a man of rich diversity and tremendous energy, endowed with an intense curiosity, a great artistic sensitivity and a deep humanity, conscious of his duties as an intellectual and as a citizen.
Monod was a lover of music and for years played the cello in a quartet. He had also created a Bach choir, 'La Cantate', which he directed until 1948. With his friend Francois Morin, he had translated Sir James Jeans's book Science and music.
He had been seriously tempted to make a career as a conductor. Certainly the direction-and domination-of an orchestra could have given him great satisfaction. In 1936, he was offered a position as a conductor in the United States and the temptation was great. Three events determined his choice. First, a conversation with Louis Rapkine, who, as he told me, convinced Monod that he lacked the basic musical knowledge necessary to conduct an orchestra; second, the fact that with the study of bacterial growth, Monod had found his scientific way; third, his marriage, in 1938, with Odette Bruhl, an archaeologist and orientalist, specialist in Tibetan painting, who became curator of the Musee Guimet. His wife, who died in 1972, was a person of great charm, sensitive and discreet, who brought to Jacques both stability and the enrichment of a complementary culture. They had twin sons. One is a physicist, the other a geologist.
So music was sacrificed on the altar of science. Science had won, but the love for music persisted throughout his life as a constant temptation and, perhaps, a regret. The radio station 'France Musique' gives every week a two-hour 'concert egoiste'. The programme is scheduled by laymen and lively discussions take place. Jacques Monod had been twice on the stage during the year 1975. These two concerts were revealing of Monod's taste; by the way, it was while listening to them that I learnt that Monod's godmother had been the first wife of Claude Debussy.
The passion for music went hand in hand with intellectual interests. Monod was a great reader and possessed a good knowledge of classical as well as modern literature. He used to read books with the same critical rigour that he would put into the analysis of an experiment. In this connection, the interview he gave to Monod was conscious of his responsibilities and duties as a citizen. During the war, he took an active part in the underground. This action expressed his will to resist oppression and slavery. He had been very active in the 'army of shadows' and exerted important responsibilities. In the position he occupied last, his three predecessors had disappeared. After the liberation of Paris, Monod played a determining role in the integration of the free French forces into the regular army, and was a member of the staff of General de Lattre de Tassigny.
The underground group to which Monod belonged was a communist one, and Monod felt he had to join the communist party. He left it soon after the war: he could not accept the rigid dogmatic attitude of the party, particularly the stand in the tragedy of Russian genetics. He could not accept an ideology which was a negation of truth, science and rationalism, a negation also of human dignity (not speaking of the mass murders which have dishonoured so many communist states). He never stopped fighting for his conception of justice and for the respect of human values.
He soon found another battlefield. Contraception was unlawful in France. He supported the action of the 'Mouvement fran?ais pour le planning familial' and became one of its honorary presidents. Later, he actively supported 'Choisir', a movement which was fighting for the legalization of abortion.
A scientist who has been a professor at the Sorbonne was necessarily aware of the problems posed by the university. With Pierre Aigrain, Monod was responsible for the two 'Caen Symposia' at which the university was reorganized, at least on paper.
Finally, Monod had participated in the creation of the 'Centre Royaumont pour une Science de l'Homme' which tried to develop a scientific and synthetic approach of the problems which face mankind.
His intense intellectual activity was balanced by physical activity. Despite a handicap which was the sequel of poliomyelitis, Jacques Monod became a good rock climber, practising on Sundays at Fontainebleau. During the summer he performed difficult ascents in the Alps. Later, he abandoned the mountains for the sea and became an accomplished yachstman. Those who have cruised with him on the Tara have told me that he was not only an excellent skipper, but also a kind one, which seems to be relatively rare.
Monod had decided not to ask for the renewal of his six-year term as director. He wanted to live his own life and to write et le , a book which will never see the light.
In October 1975, an inexorable disease was diagnosed. He knew the prognosis but continued to assume his directorship. From time to time, he went to Cannes for a 'rest'. The last rest, at the end of May 1976, was active as usual: walking and sailing. The picture illustrating this biography was taken on 29 May by Jean Hardy. A day later, he realized that the end was approaching. He died quietly. His last words were 'Je cherche k comprendre'. All his life, he had tried to understand.
T he man and the monument
'Good looking, though small of stature, he commanded attention by his intelligence, his clarity, his incisiveness and by the obvious breadth and depth of his interests. Never lacking in courage, he combined a debonair manner and an impish sense of humour with a deep moral commitment to any issue he regarded as fundamental.' This is the portrait sketched by Francis Crick. Many of those who have known Jacques Monod will agree with this picture. But there is something more to be said and it would be dishonest to mask the shadows. Martin Pollock, in an obituary, wrote the following: 'I have often wondered how many scientists there were from all over the world who struggled to get accepted as visiting workers under his stimulating guidance at the Pasteur and now carry with them the fruits of a contact, however brief, with a real master of enlightment. Perhaps the light that emanated was too dazzling sometimes. It was just this tendency to dazzle, and to exercise-indeed to demand-intellectual predominance over his fellow scientists which one might legitimately criticize. It was often very difficult to think independently in his presence when others were around. In open conference, he could be a tough and uncompromising opponent rather too ready to condemn without proper consideration. At times he could be exasperating and many found him arrogant, "elitist" or condescending. But it was quite a different matter in private dis cussions : there one was listened to attentively, with courtesy, if not always with respect. The polemics were no longer necessary. ' The two facets of Jacques Monod's dual personality are well illustrated by these comments. On the one hand, a man of extreme courteousness and charm, showing great warmth to his friends. On the other, a man who could not accept public opposition to his views, who liked to impose his ideas and decisions, to dominate, conscious of his intelligence and his gifts and eager to manifest his authority. One should bear in mind that the construction of a scientific monu ment through forty years of uninterrupted effort implied a considerable amount of experimental work and a constant intellectual tension; it could be achieved only thanks to a certain hardness, a corollary of rigour and exactness. This may in part account for the negative traits which, by the way, were already apparent when Monod was a student.
Yet the defects were minor when compared to Monod's work which, from the growth of populations to molecular language, is marked by an uninterrupted series of discoveries. The impressive monument crowned by the most elegant spire of allostery bears witness to a great talent. The success was due to a con junction of eminent gifts and to a pre-established harmony between the nature of the gifts and the nature of the task to which Monod devoted his activity. He was an excellent experimentalist. Rigor and precision were served by an impla cable deductive logic. Critical sense never hindered imagination nor audacity.
The development of the work from diauxy to allostery is wholly admirable. It started with the interpretation of growth curves, and ended with the solution of the problem of regulation at the molecular level. The molecular language was deciphered: how molecules receive and transmit messages, obey and command. New classes of structures and phenomena were brought to light; new concepts were built. Each step generated new questions until the central problem was solved. A scientist has to give birth to his own problems, step by step, in painand enlightment.
In addition to the gifts and talents of Jacques Monod, a number of factors played in his success. The right problem was posed at the right time in the right environment. The right bacterium was selected and the right enzyme. For an outsider, the success appears to be the highly improbable combination of improbable events. Yet, one should not forget the numerous trials and errors and the fact that selection intervenes constantly, at each step of the phylogeny of a scientific construction. The unfit is eliminated. Finally, one should also bear in mind that preadaptation plays a role in the choice of the working place; that cooperative effects exist, here as elsewhere; and the whole process becomes autocatalytic. That the name of Jacques Monod is so intimately associated with the birth, development and triumph of molecular biology is not a matter of chance but of necessity. The necessity was Jacques Monod.
The work of a creative genius sometimes outsteps the man. The scientist-or the artist-may dread this transcendence which would destroy the persona he tries to shape; neither scientist nor artist is aware of the secret of his genius. However, any powerful construction of the mind or spirit engenders through its resonances the image of its creator, at once its reflection and its symbol. Such will perhaps be the fate-or privilege-of Jacques Monod, architect of molecular biology. 
